Purpose: High dose-rate ͑HDR͒ brachytherapy is currently performed with 192 Ir sources, and 60 Co has returned recently into clinical use as a source for this kind of cancer treatment. Both radionuclides have mean photon energies high enough to require specific shielded treatment rooms. In recent years, 169 Yb has been explored as an alternative for HDR-brachytherapy implants. Although it has mean photon energy lower than 192 Ir, it still requires extensive shielding to deliver treatment. An alternative radionuclide for brachytherapy is 170 Tm ͑Z =69͒ because it has three physical properties adequate for clinical practice: ͑a͒ 128.6 day half-life, ͑b͒ high specific activity, and ͑c͒ mean photon energy of 66.39 keV. The main drawback of this radionuclide is the low photon yield ͑six photons per 100 electrons emitted͒. The purpose of this work is to study the dosimetric characteristics of this radionuclide for potential use in HDR-brachytherapy.
Ir sources, and 60 Co has returned recently into clinical use as a source for this kind of cancer treatment. Both radionuclides have mean photon energies high enough to require specific shielded treatment rooms. In recent years, 169 Yb has been explored as an alternative for HDR-brachytherapy implants. Although it has mean photon energy lower than 192 Ir, it still requires extensive shielding to deliver treatment. An alternative radionuclide for brachytherapy is 170 Tm ͑Z =69͒ because it has three physical properties adequate for clinical practice: ͑a͒ 128.6 day half-life, ͑b͒ high specific activity, and ͑c͒ mean photon energy of 66.39 keV. The main drawback of this radionuclide is the low photon yield ͑six photons per 100 electrons emitted͒. The purpose of this work is to study the dosimetric characteristics of this radionuclide for potential use in HDR-brachytherapy.
Methods:
The authors have assumed a theoretical 170 Tm cylindrical source encapsulated with stainless steel and typical dimensions taken from the currently available HDR 192 Ir brachytherapy sources. The dose-rate distribution was calculated for this source using the GEANT4 Monte Carlo ͑MC͒ code considering both photon and electron 170 Tm spectra. The AAPM TG-43 U1 brachytherapy dosimetry parameters were derived. To study general properties of 170 Tm encapsulated sources, spherical sources encapsulated with stainless steel and platinum were also studied. Moreover, the influence of small variations in the active core and capsule dimensions on the dosimetric characteristics was assessed. Treatment times required for a 170 Tm source were compared to those for 192 Ir and 169 Yb for the same contained activity. Results: Due to the energetic beta spectrum and the large electron yield, the bremsstrahlung contribution to the dose was of the same order of magnitude as from the emitted gammas and characteristic x rays. Moreover, the electron spectrum contribution to the dose was significant up to 4 mm from the source center compared to the photon contribution. The dose-rate constant ⌳ of the cylindrical source was 1.23 cGy h −1 U −1 . The behavior of the radial dose function showed promise for applications in brachytherapy. Due to the electron spectrum, the anisotropy was large for r Ͻ 6 mm. Variations in manufacturing tolerances did not significantly influence the final dosimetry data when expressed in cGy h −1 U −1 . For typical capsule dimensions, maximum reference dose rates of about 0.2, 10, and 2 Gy min −1 would then be obtained for 170 Tm, 192 Ir, and 169 Yb, respectively, resulting in treatment times greater than those for HDR 192 Ir brachytherapy.
Conclusions:
The dosimetric characteristics of source designs exploiting the low photon energy of 170 Tm were studied for potential application in HDR-brachytherapy. Dose-rate distributions were obtained for cylindrical and simplified spherical 170 Tm source designs ͑stainless steel and platinum capsule materials͒ using MC calculations. Despite the high activity of Tm is produced from the naturally occurring 169 Tm isotope with 100% abundance, and therefore does not require expensive isotopic enrichment. With a relatively high thermal neutron capture cross-section of 105 b, 12 production could be efficient and cost-effective. Also, the low mean photon energy will require less shielding. 11, 13, 14 The major drawback of 170 Tm is the low yield of photons emitted compared to the electron yield ͑about six photons per 100 electrons emitted͒.
I. INTRODUCTION
The purpose of the present work is to determine the dosimetric characteristics of encapsulated 170 Tm sources as a candidate for use in brachytherapy. The dosimetric characteristics of a cylindrical source encapsulated in stainless steel and spherical sources encapsulated with either stainless steel or platinum have been studied using the Monte Carlo ͑MC͒ method based on the GEANT4 radiation transport code. 15 Feasibility of using 170 Tm as a possible brachytherapy source is analyzed and discussed. Tm. ICRP ␤ − spectrum ͑Ref. 31͒ is also shown for comparison. ͑b͒ Photons and bremsstrahlung spectra generated in the spherical source encapsulated with 0.15 mm stainless steel with a core of 0.60 mm in diameter ͑see Sec. II C͒. Both photon and electron spectra have been generated by GEANT4 using the nuclear and atomic data from the ENDSF database ͑Ref. 27͒.
II. MATERIAL AND METHODS

II
FIG. 1.
170
Tm decay scheme ͑Ref. 12͒.
keV͒, respectively, with a weighted mean energy for the combined ␤ − -spectra of 317 keV. Additionally, ϳ6 electrons per Bq are emitted as a result of internal conversion in the form of Auger electrons and as conversion electrons resulting from characteristic x rays as mentioned above. Figure  2͑a͒ shows the electron spectrum ͑including Auger electrons, conversion electrons, and ␤ − spectrum͒ emitted in
Tm disintegration. Electrons play an important role in all dosimetric calculations for 170 Tm because of their high yield compared to photons ͑as discussed in the next sections͒. These ␤ − particles are partially absorbed by the source core and its encapsulation, producing bremsstrahlung photons that significantly contribute to the dose rate. This observation has been previously published in a study addressing the required barrier thicknesses in a brachytherapy bunker for its use with point sources of 170 Tm and 169 Yb. Tm. [17] [18] [19] [20] The production and decay rate at which the Tm͒, the accumulated activity is
The 170 Tm specific activity is 221 TBq g −1 . 12, 17 In practice, the source pellet is obtained by ceramic sintering of metallic powder, allowing for high purity of the starting material and purity preservation in subsequent fabrication steps. Nevertheless, the physical density is lower than the theoretical maximum density.
II.C.
170
Tm encapsulated source designs MC simulations were performed for the following 170 Tm source designs: ͑1͒ A bare point source with no core or capsule, used to compare g͑r͒ to those of bare point sources for the other radionuclides used in brachytherapy; ͑2͒ a cylindrical source with stainless steel encapsulation and dimensions similar to existing 192 Ir sources used in HDR-brachytherapy, employed to compare dosimetric properties between both sources; and ͑3͒ spherical sources with stainless steel or platinum encapsulation and uniformly active 170 Tm core. Spherical sources were studied to obtain general conclusions about the dosimetric influence of the source core and encapsulation design on the 170 Tm sources with efficient use of CPU time maximizing sampling geometry.
The design and dimensions of the cylindrical source are shown in Fig. 3 . The active core of the source was a pure 170 Tm cylinder ͑density = 9.3 g cm −3 ͒ with an active length of 3.5 mm and diameter of 0.6 mm. The active core was encapsulated in 304-type stainless steel ͑composition by weight: Fe 67.92%, Cr 19%, Ni 10%, Mn 2%, Si 1%, and C 0.08%; density 8.0 g cm −3 ͒. Typical manufacturing tolerances were assumed to be +0.06 to Ϫ0 mm for the core diameter and +0.02 to Ϫ0 mm for the encapsulation thickness as they could be larger but not lower than the nominal values. 21 The spherical source ͑diameter D 2 ͒ was composed of an active core ͑diameter D 1 ͒ encapsulated by pure platinum ͑ = 21.4 g cm −3 ͒ or by 316L-type stainless steel ͑composi-tion by weight: Fe 68%, Cr 17%, Ni 12%, Mn 2%, and Si 1%; density = 8.02 g cm −3 ͒. Although the 316L-type stainless steel composition differed slightly from commonly used 304-type stainless steel used in the cylindrical source, dosimetric differences were not significant for the purpose of this study. No air gap was considered between the core and the capsule. The outer diameters of the spherical source D 2 and the active core D 1 were 0.90 and 0.60 mm, respectively, which are the typical transversal dimensions for the cylindrical 192 Ir sources used in HDR-brachytherapy. To study how bremsstrahlung production in the core and the capsule varies as a function of core diameter and the capsule thickness t ͑keeping D 2 = 0.90 mm͒, two configurations were considered: D 1 = 0.20 mm ͑i.e., t = 0.35 mm͒ and D 1 = 0.40 mm ͑i.e., t = 0.25 mm͒. In addition, to study the dosimetric influence of small variations in source dimensions due to the manufacturing process, the following variations in spherical source dimensions were considered according to aforementioned cylindrical source tolerances: ͑a͒ D 1 = 0.60 mm, t = 0.11 mm, ͑b͒ D 1 = 0.63 mm, t = 0.09 mm, and ͑c͒ D 1 = 0.66 mm, t = 0.11 mm. Finally, a comparative study was performed for the 169 Yb spherical sources with respect to the same design sources but for 192 Ir and 169 Yb active cores.
II.D. Monte Carlo simulations
The MC GEANT4 code 15 ͑version 9.1͒ was used to obtain the dose-rate distributions of the three types of sources previously described. GEANT4 has been used and validated in similar brachytherapy dosimetric studies. [22] [23] [24] [25] [26] The code has the capacity to simulate the decay and transport of any nucleus through its radioactive decay module, and was used to simulate the 170 Tm disintegration. This simulation model uses data from the ENDSF database, such as nuclear halflives, nuclear level structure, decay branching ratios, energy of the decay processes, etc. 27 With this information, the nuclear disintegration was simulated and all secondary particles are generated and tracked. 28, 29 For the example of ␤ − decay, GEANT4 uses a Z A X nucleus as the primary particle producing a decay following the branching ratios to the nucleus Z+1 A Y that is explicitly generated and tracked, and generates an e − and antineutrino. If the residual nucleus Z+1 A Y is in an excited state, it is de-excited emitting ␥-rays or conversion e − . Then the atomic relaxation process generates x rays and/or Auger electrons and the residual ion. Figures 2͑a͒  and 2͑b͒ show the electron and photon spectra generated in GEANT4 for the 170 Tm disintegration, respectively. The GEANT4 low-energy package was used ͑with a 1 keV cutoff energy͒ to simulate photon transport from Compton scattering, photoelectric absorption, and Rayleigh scattering. This package used EPDL97 cross-section libraries. 30 Photon spectrum generated by GEANT4 coincides with that on the National Nuclear Data Center database. 16 The ␤ − spectrum agreed well with that recommended by ICRP ͓Fig. 2͑a͔͒. 31 Two strategies were followed to estimate absorbed dose to water. First, for radial distances r Ͻ 1 cm, dose was estimated by tracking electrons generated by both the 170 Tm decay ͓the electron spectrum in Fig. 2͑a͔͒ and the photon interactions ͓the photon spectra in Fig. 2͑b͔͒ because electronic equilibrium conditions are not fulfilled in this region. Second, for r Ն 1 cm where electronic equilibrium existed, dose was approximated by water-kerma using the linear track-length kerma estimator. 32 The water-kerma and absorbed dose were equivalent within 0.2% in the zone of electronic equilibrium, and thus only water-kerma results are presented. The photon energy fluence as a function of distance was also scored to study the energetic degradation of the photon spectrum with increasing water depth. For electrons, the G4LowEnergyIonization, G4LowEnergyBremsstrahlung, and G4MultipleScattering utilities were used to simulate electron ionization, ␦-ray production, and multiple scattering of electrons in matter, respectively. A description of these utilities is available in the GEANT4 physics manual. 28 The EEDL cross-sections libraries and a 1 keV cutoff energy were used for electrons. 33 The 170 Tm sources were virtually positioned at the center of a 40 cm radius water sphere ͑density= 0.998 g / cm 3 ͒ to emulate an unbounded phantom as previously performed for 137 Cs and 192 Ir. 34, 35 Estimates of dose and kerma in water for spherical sources used spherical voxels arranged every 0.05 cm. For the cylindrical source, voxels used in spherical coordinates were arranged every 0.05 cm and at 1°intervals. For estimating air-kerma strength S K for the cylindrical design, the source was surrounded with a vacuum instead of water, and air-kerma rate k ␦=10 keV ͑d͒ was obtained at d = 100 cm.
Up to 2 ϫ 10 7 disintegrations were generated for each spherical source, obtaining statistical uncertainties ͑one standard deviation, k =1͒ Ͻ0.5% and Ͻ3% for kerma and dose values, respectively. For the cylindrical source, 1.2ϫ 10 10 disintegrations were simulated to obtain kerma statistical uncertainties Ͻ0.5% at all locations except near the source long-axis where statistical uncertainty was Ͻ1.5%. Dose was obtained with Ͻ1% statistical uncertainty at all points of interest except near the source long-axis where it was Ͻ3%. Figure 4 shows the radial dose function using the pointsource geometry function g P ͑r͒ according to the 2004 TG-43U1 report for the bare point source of 60 Co, 137 Pd. 34 For these point sources, the ␤ − spectrum was not considered; electrons were not tracked and only water-kerma was calculated ͑see Sec. II D͒. The water-kerma and absorbed dose were equivalent within 0.2% in the zone of electronic equilibrium, and thus only water-kerma results are presented. For the case of 170 Tm, bremsstrahlung contribution in Fig. 2͑b͒ was not considered. Figure 4 shows that g P ͑r͒ for the bare point source of 170 Tm was similar to 169 Yb, but very different to other radionuclides commonly used in brachytherapy. This was due to the high proportion of low-energy photons in water, yielding a relatively large contribution of scattered photons to the dose rate which caused a more uniform dose distribution.
III. RESULTS
III.A. Unshielded bare point source
III.B. Cylindrical source, stainless steel capsule
The AAPM TG-43U1 dosimetry parameters needed for clinical treatment planning have been calculated for the theoretical cylindrical source encapsulated in stainless steel ͑see Fig. 3͒ . To estimate the dose-rate constant ⌳ in water, we calculated S K ͓considering both the photon spectrum from Table I and the bremsstrahlung spectrum in Fig. 2͑b͔͒ , obtaining ⌳ = 1.23 cGy h −1 U −1 . However, because of electrons exiting the source travel long distances in air, they must be removed in order to measure S K . A plastic sheet positioned in front of the detector to remove these electrons will affect the photon spectrum and hence subsequent S K measurements. This effect must be taken into account for S K measurements of an actual source. Figure 5 shows the radial dose function using the linesource geometry function ͑L = 0.35 cm͒, g L ͑r͒, for this cylindrical source, presenting a large increase in dose in the proximity of the source ͑r Ͻ 0.5 cm͒ due to e − spectrum contributions. Figure 6 shows the 2D anisotropy function F͑r , ͒ for r Յ 0.6 cm. At larger distances, F͑r , ͒ behaves similarly as for r = 0.6 cm. The large anisotropy at short distances from the source due to the e − spectrum influence is clearly shown.
Munro et al. 36 simulated a cylindrical 170 Tm source with the same core dimensions and density as considered in our study. The core was primarily encapsulated with 0.1 mm of titanium and secondarily encapsulated with 0.1 mm of stainless steel. They did not consider photon energies Ͻ10 keV ͑see Table I͒ and used a simplified electron spectrum compared to that in Fig. 2͑a͒ . Their reported ⌳ = 1.229 cGy/ ͑h U͒ is within 0.2% of our value. Their g L ͑r͒ is compared to our results in Fig. 5 . Differences were attributed to differences in bremsstrahlung production, which were probably due to the simplified ␤ − spectrum and to the differences in the capsule materials.
III.C. Spherical source, stainless steel capsule
Dose rate as a function of distance obtained for the Tm source design, bremsstrahlung photons caused by the core and the capsule must be precisely simulated for accurate estimation of the total dose rate. Dose rate was highest for the D 1 = 0.60 mm core ͓Fig. 7͑c͔͒, corresponding to the thickest 170 Tm active core and thinnest capsule.
The region located directly near the source received a significantly higher dose due to the electrons because the stainless steel capsule did not stop all electrons emitted by 170 Tm. This is shown more clearly in Fig. 7͑c͒ , where dose rate within 0.05Ͻ r Ͻ 0.4 cm is shown for the three stainless steel capsule designs. As expected, dose-rate enhancement was less significant as the stainless steel capsule thickness increased. However, this increase in capsule thickness caused a reduction in the volume of the active 170 Tm and thus a reduction in source strength. Figure 7͑c͒ shows that dose enhancement was present for 0.05Ͻ r Ͻ 0.2 cm from the encapsulation. Figure 8͑a͒ shows the mean energy of the photon spectra ͑including bremsstrahlung photons͒ as a function of the distance from the source center. The photon spectrum was hard- ened as less-energetic photons emitted by 170 Tm were suppressed by both the core and the capsule. The mean photon energy increased near the water phantom boundary due to the decrease in backscatter from the lower-energy photons.
The dosimetric effects on water-kerma and air-kerma due to small variations in core diameter and capsule thickness are shown in Fig. 9͑a͒ . Small dimensional variations affected the dose distribution when normalized to contained activity. However, when S K normalization was applied ͓Fig. 9͑b͔͒, differences between the three configurations become Ͻ2%. Hence, small variations in source dimensions were found to be negligible. Figure 9͑c͒ shows the large dose-rate increase for r Ͻ 0.4 cm ͑attributed to e − spectrum contributions͒. The energy spectrum of these electrons as a function of r is shown in Fig. 9͑d͒ , and complements the results shown in Fig. 9͑c͒ . Figure 9͑d͒ shows the range after the capsule is closer to 0.3 cm for r ϳ 0.35 cm
III.D. Spherical source, platinum capsule
Figures 7͑b͒ and 7͑d͒ show the dose rate as a function of distance obtained for the 170 Tm spherical source encapsulated with platinum. Bremsstrahlung photon contributions from the active core and platinum capsule were much larger than for the stainless steel capsule due to the platinum high atomic number. Also, the dose rate was much smaller than in the case of the stainless steel capsule by approximately a factor 2. In this case, due to the high density of platinum, the highest dose rate corresponded to the smallest filter thickness. The principal advantage of the platinum encapsulation instead of stainless steel was that it absorbed nearly all the electrons generated in the core decreasing their clinical significance since the range of electron dose contributions was Ͻ0.10 cm from the source ͓Fig. 7͑d͔͒, and any plastic catheter applicator would quickly reduce the e − spectrum dose contribution in tissue. Figures 7͑b͒ and 7͑d͒ also show that the platinum-encapsulated source was more dependent on the particular geometric design than the source encapsulated with stainless steel due to the higher platinum bremsstrahlung cross-section. Figure 8͑b͒ shows that the mean photon energy as a function of the distance for the platinumencapsulated source generally decreased as radial distance and capsule thickness increased. Ir brachytherapy sources.
III.E. Source
IV. CONCLUSIONS
The dosimetric characteristics of different source designs exploiting the low photon energy of 170 Tm radionuclide have been studied for potential application in clinical HDRbrachytherapy. Dose-rate distributions were obtained for cylindrical and simplified spherical 170 Tm source designs using MC calculations. Stainless steel and platinum encapsulation materials have been studied, concluding that the specific source design of the 170 Tm core and the capsule are important due to the bremsstrahlung photon and electron emissions. Despite the high specific activity of 170 Tm, treatment times were much longer than for 192 Ir. . 9 . Study of the dosimetric effects for small variations in the core diameter and in thickness of the stainless steel encapsulation of the spherical sources. ͑a͒ Water-kerma for the three combinations of core+ capsule ͑per contained activity͒. Part ͑b͒ is the same as part ͑a͒, but normalized to air-kerma strength S K ͑U͒. ͑c͒ Dose for radial distances r Ͻ 1 cm. ͑d͒ Variation in electron energy spectra for the spherical source encapsulated with stainless steel as function of radial distance. The number of electrons in each bin is indicated by the color coding scheme on the right.
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